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1994). Furthermore, Kef systems ensure survival of E.
coli during exposure to electrophiles (Ferguson et al.,
1993). More recently an additional class of active trans-
porter, Ktr, has been characterized (Nakamura et al.,
1998) and prokaryotic 2TM (transmembrane) K chan-
Tarmo P. Roosild,1 Samantha Miller,2 Ian R. Booth,2
and Senyon Choe1,3
1Structural Biology Laboratory
Salk Institute and Division of Biology
University of California, San Diego
nels have been discovered (Derst and Karschin, 1998).San Diego, California 92037
Remarkably, all four of the aforementioned systems in-2 Department of Molecular and Cell Biology
variably possess a small (140 amino acids) domain,Institute of Medical Sciences
KTN (K transport, nucleotide binding) (Bateman et al.,University of Aberdeen
2000). In uptake systems this domain is found withinForesterhill, Aberdeen AB25 2ZD
cytoplasmic subunits (TrkA or KtrA) that assemble withUnited Kingdom
monomeric pore-forming units (TrkG/H or KtrB) of 8–10
transmembrane spans that structurally resemble K
channels (Durell and Guy, 1999). In contrast, efflux sys-Summary
tems (Kef) and channels (Kch) retain KTN covalently
linked to the cytoplasmic C terminus of their pore-form-The regulation of cation content is critical for cell growth.
ing transmembrane domains. In the case of channels,However, the molecular mechanisms that gate the sys-
for which tetrameric stoichiometry appears universal,tems that control K movements remain unclear. KTN
this implies that four KTN domains assemble near theis a highly conserved cytoplasmic domain present ubiq-
cytoplasmic vestibule of the ion pore. Inspection of pro-uitously in a variety of prokaryotic and eukaryotic K
karyotic genomes determined to date indicates that thischannels and transporters. Here we report crystal struc-
domain is ubiquitously distributed throughout the pro-tures for two representative KTN domains that reveal a
karyotic kingdom. Furthermore, three KTN-containingdimeric hinged assembly. Alternative ligands NAD and
genes are present in the Arabidopsis genome, each atNADH block or vacate, respectively, the hinge region
the C-terminal end of a Kef channel homolog.affecting the dimer’s conformational flexibility. Con-
KTN is very closely related to the RCK domain foundserved, surface-exposed hydrophobic patches that be-
in prokaryotic 6TM K channels (Milkman, 1994) andcome coplanar upon hinge closure provide an assembly
in eukaryotic BK channels (Jiang et al., 2001). In BKinterface for KTN tetramerization. Mutational analysis
channels, RCK is situated between the last transmem-using the KefC system demonstrates that this domain
brane helix of the channel, S6, and an additional intracel-directly interacts with its respective transmembrane
lular C-terminal domain that has been implicated inconstituent, coupling ligand-mediated KTN conforma-
Ca2-modulated gating (Schreiber and Salkoff, 1997).tional changes to the permease’s activity.
The primary difference between the KTN and RCK do-
main families is the conservation of a characteristicIntroduction
Rossman fold motif (G-X-G-X-X-G) within KTN domains
that is absent among RCK domains (Figure 1A). ThisMaintenance of cytoplasmic potassium levels is a vital
suggests KTN domains possess an ability to bindhomeostatic function, critical for cell growth and sur-
NAD(H) (Schlosser et al., 1993) that is not retained byvival. Potassium ions are used as a major solute to
RCK domains. K uptake via the KTN-containing Trkcontrol cellular osmolarity, maintain cytoplasmic pH,
system in E. coli is closely linked with concurrent metab-
provide counter charges for numerous metabolites, and
olism beyond the simple requirement of energy for trans-
transmit information concerning the surrounding envi-
port (Rhoads and Epstein, 1977; Stewart et al., 1985).
ronment. In higher organisms, tight regulation of trans- These experiments have usually been interpreted in
membrane potassium flux has evolved as a means of terms of a dual requirement for both ATP and protonmo-
neuronal signaling for precise intercellular communica- tive force; however, they may also reflect changes in
tion. Bacterial K transport systems and channels have the gating of transporters due to alterations in the NADH/
been most intensively characterized in E. coli and in- NAD ratio. More recently, significant progress has been
clude several separately regulated uptake and efflux made in identifying the different subunits required for
systems (Epstein, 1986). Constitutive uptake is effected Trk activity (Bossemeyer et al., 1989). However, the only
primarily by Trk systems (Bossemeyer et al., 1989), while significant step toward an understanding of the gating
efflux is mediated by a number of separate transport of these systems was the identification of NADH binding
systems and channels, of which Kef systems are the by the TrkA protein (Schlosser et al.1993), which con-
best characterized (Booth et al., 1996). These systems tains two KTN domains. The ubiquitous distribution of
are of medicinal interest, as they play central roles in these domains throughout a diverse range of K trans-
the survival of pathogenic microbes in hostile host envi- port systems and their invariant physical proximity to
ronments. Functional Trk systems have been shown to the base of the innermost pore-forming helices suggest
be vital for Salmonella resistance to immune system that they play a central role in the regulation and coordi-
defense by antimicrobial peptides (Parra-Lopez et al., nation of K flux across cellular membranes.
In this report we present multiple crystal structures
of two KTN domains in complex with either NAD or3 Correspondence: choe@salk.edu
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Figure 1. Structure of KTN Domains
(A) Sequence alignment of KTN and RCK do-
mains, including the sequences of the two
proteins studied in this report as well as the
best-characterized representative from each
unique system, with secondary structure ele-
ments depicted beneath the sequence. The
helix (6) exchanged between subunits is
highlighted in red. Colors indicate the follow-
ing: brown, Rossman fold glycine motif; pur-
ple, ligand-coordinating residues, most of
which are not conserved in RCK domains;
gold, conserved surface-exposed hydropho-
bic residues; blue, structurally conserved salt
bridge; green, residues mutated and dis-
cussed in this report.
(B and C) Ribbon diagram of KTN Mja218
in complex with NAD as viewed from the
membrane and rotated 90 from the top to-
ward the viewer.
(D and E) Ribbon diagram of KTN Bsu222 in
complex with NADH viewed in the same two
orientations.
NADH. We show that these ligands are essential for (Figure 2). Both, however, would precipitate rapidly and
completely in the absence of these ligands, on substitu-maintenance of the tetrameric state of KTN in solution.
The KTN structure suggests an inherent molecular flexi- tion of NAD(H) with ADP, or on lowering pH to below
7.5 (NAD) or below 6.0 (NADH). The dramatic changebility allowing large conformational changes through
hinge motion. Further, we demonstrate that the KTN in solubility suggests that the proteins undergo a signifi-
cant conformational change in a ligand-dependent man-domain of Kef channels interacts dynamically with its
associated channel-forming domain. Taken together, ner. Alignment of multiple homologs from varying K
transport systems suggested that the KTN domain con-we propose a model for the regulation of Kpermeability
by KTN domains for a diverse range of transport systems sists of only the N-terminal two-thirds of KtrA. For this
reason, the isolated KTN domains, which form proteolyt-and channels.
ically resistant, stable cores within KtrA proteins, were
subsequently made. These new constructs, expressingResults
KTN Mja218 (residues 1–136) and KTN Bsu222 (residues
1–144), retain the same soluble tetrameric oligomeriza-KTN Domains Form Tetramers in Solution
tion states and sharp, ligand-dependent solubility prop-in a Ligand-Dependent Manner
erties (Figure 2).Recombinant full-length cytoplasmic A subunits of the
Ktr K import system from M. jannaschii (Mja218) and B.
subtilis (Bsu222), each containing a single KTN domain, KTN Domains Form Hinged, NAD(H) Binding
Dimers with Swapped C-Terminal Heliceswere purified to homogeneity and analyzed by equilib-
rium ultracentrifugation and static light scattering. These The structure of KTN Mja218 (crystal form A) complexed
with NAD was solved to 2.3 A˚ using multiwavelengthproteins form tetramers in solution when kept in high
pH buffer and in the presence of either NAD or NADH anomolous diffraction (MAD) phasing with an isomor-
phous osmium-derivatized crystal (Table 1). The struc-at greater than equimolar amounts, from 1 to 10 mM
Dimer to Tetramer Switch Regulating Potassium Flux
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Figure 2. Sizing Analysis of KtrA and KTN Complexes
(A) Summary of molecular sizing results for KtrA and KTN Mja218 by sedimentation equilibrium and static light scattering experiments. Similar
results were obtained for other analyzed KtrA and KTN proteins. All KtrA and KTN proteins investigated are tetrameric by calibrated size
exclusion chromatography (data not shown).
(B) Static light scattering data (red) for KTN Mja218 measured as it emerges as a single peak (blue) off of a gel filtration column.
(C) Sample of analytical ultracentrifugation data collected and fitted for KTN Mja218.
ture includes residues 1–132 and NAD, but lacks four NAD and NADH Bind KTN in Different Conformations
In both KTN Mja218 (with NAD) and KTN Bsu222 (withN-terminal His-tag linker residues and four C-terminal
NADH) structures, the adenosine portion of NAD(H) isresidues of the construct (Figures 1B and 1C). Two addi-
bound within a deep pocket formed at the C-terminaltional crystal forms (B and C) were found and subse-
ends of the first three  strands of the molecule, as itquently solved at lower resolution (4.1 A˚ and 3.5 A˚, re-
is typically found in Rossman fold domains (Figure 3).spectively) using molecular replacement. The structure
As expected for this fold, the first half of the Rossmanof KTN Bsu222 complexed with NADH was solved in-
motif, G-X-G-(R), lines the base of the binding pocketdependently to 2.85 A˚ using multiple isomorphous re-
and contributes a number of backbone and side chainplacement (MIR) phases combined with MAD phases
amino groups to the coordination of the ligand (Figuresobtained from a bromine-soaked crystal and a seleno-
3A and 3B). Beyond the aforementioned arginine, R10/methionyl-derivatized crystal. The structure includes
R16, two additional well-conserved charged residues,residues 7–140 and NADH, but lacks ten N-terminal and
D30/D30 and R97/K103, bind the ribose sugars andfour C-terminal residues (Figures 1D and 1E). All of the
phosphate moieties of the ligand to the domain. Interest-structures reveal a canonical dimeric molecule, each
ingly, these three charged residues are replaced in E.subunit of which forms a traditional Rossman fold with
coli RCK by I253, S273, and A344, repectively (Figurea six-stranded parallel  sheet at the core of the domain,
1). Consistent with the absence of a Rossman motif,sandwiched by three helices to either side. In each case
this strongly suggests that RCK does not bind NAD(H),the C-terminal helix (6) is exchanged between the two
although the existence of an alternative, chemically dis-
subunits of the dimer. As a result, the dimer appears to
tinct ligand cannot be excluded.
be tightly associated, with approximately 1500 A˚2 of Surprisingly, the nicotinamide ring is found in dis-
buried surface area. However, the two constituent Ross- tinctly different conformations between the two struc-
man folds are connected to one another only through tures. In the case of NAD in KTN Mja218, the nicotin-
a narrow hinge region formed by the loops joining the amide ring is extended into the hinge region between
C-terminal strands (6) to the swapped helices (6). monomers (Figure 3C), such that the tips of the two
This hinged dimeric scaffold is also formed by the RCK ligands come into close proximity to one another, but
domain of the E. coli K channel, Kch Eco417 (Jiang there is no clear coordination of the ring by the KTN
et al., 2001) with homologous backbone atoms among protein atoms. In contrast, the nicotinamide ring of
aligned monomers deviating less than 2.5 A˚2 between NADH in KTN Bsu222 is tucked into a hydrophilic pocket
the three structures. Most importantly, the presence of created between the C-terminal ends of the fourth and
canonical dimers in all five crystal forms implies that this fifth  strands of the protein (Figure 3D). In this confor-
assembly is the building block for forming the distinct mation, the ring becomes coordinated between three
backbone carbonyl groups (Figure 3B). This conforma-tetrameric state of the protein observed in solution.
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Figure 3. Stereo Views of the Ligand Binding
Pockets
Equivalent, ligand-coordinating residues, pur-
ple in Figure 1, are shown.
(A) Coordination of NAD in the KTN Mja218
structure, highlighting hydrogen bonding in-
teractions between the protein and the li-
gand. The nicotinamide ring (asterisk) does
not make any obvious contact with the KTN
domain in this conformation.
(B) Coordination of NADH in the KTN Bsu222
structure, revealing new interactions formed
between the domain and the nicotinamide
ring (asterisk) and significant alterations in the
binding of the proximal ribose sugar due to
changes in the ligand’s conformation.
(C) Surface rendering of the KTN Mja218
structure from the same viewpoint as in (A)
above, showing the nicotinamide ring (aster-
isk) protruding into the hinge groove between
the two monomers. Experimental electron
density for the ligand is shown at 1 contour
level.
(D) Surface rendering of the KTN Bsu222
structure, displaying the nicotinamide ring
(asterisk) flipped around and tucked into a
deep binding pocket, leaving the hinge
groove vacant. Experimental electron density
for the ligand is depicted at 1 contour level.
tional switch accompanying the binding of NADH leaves resolution of the data, the two additional crystal forms
of KTN Mja218 (B and C) serve to confirm the high degreethe hinge region an empty, large groove between the
two domains. The unoccupied nicotinamide binding of flexibility in this assembly interface. These observa-
tions suggest that the hydrophobic interface, while im-pocket of the KTN Mja218 structure with NAD is filled
with buried water molecules. portant, is relatively non-sequence specific and may be
readily dissociable. Indeed, mutation in KTN Mja218 of
a surface-exposed methionine (M81) centered in thisKTN Dimers Are Adjoined by an Exposed,
Nonpolar Surface hydrophobic patch to an arginine results in production
of only insoluble aggregated recombinant protein, inAnalysis of the hydrophobicity of surface-exposed resi-
dues in both structures reveals that each monomer pos- agreement with similar results for equivalent residues
in E. coli RCK and BK channels (Jiang et al., 2001).sesses a relatively flat, large (800 A2 ) hydrophobic
patch created by highly conserved residues of the fourth Together these results suggest an important role for this
hydrophobic patch in the tetrameric assembly of this(4) and fifth (5) helices of the domain (Figure 4A). In
all four crystal forms of KTN in this study, as well as in regulatory domain.
the crystal structure of RCK (Jiang et al., 2001), this
patch provides for the majority of contact surface be- KTN Dimer Hinge Motion Allows for the Formation
of KTN Tetramerstween dimers by interfacing with an equivalent hy-
drophobic patch from an adjoining dimer. While use of Comparison of all four KTN structures described herein
and the RCK structure (Jiang et al., 2001) reveals thatthis interface is invariant, the crossing angles between
contacting dimers differ greatly among the various the linkage between the two domains formed by the
exchanging of C-terminal helices (6) provides a basisstructures, as illustrated by the relative orientations of
the central 5 helices (Figure 4B). Here, despite the low for significant conformational change. On superposition
Cell
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Figure 4. KTN Surface Hydropathy and Hinge Flexibility
(A) Surface rendering of KTN Mja218 dimer colored by relative residue hydrophobicity, revealing two conserved surface-exposed hydrophobic
patches, separated across the hinge groove.
(B) Orientation between hydrophobic surface patches making five distinct contacts in four unique KTN and one RCK crystal forms. In each
instance, a similar amount of surface is buried by the interaction of the two patches. The five orientations, represented by the 5 helix from
one patch, are approximately related by rotation around an axis, marked by , perpendicular to the plane of the other patch surface. In each
case the lighter side of the helix represents its N terminus (marked with “N”). The N terminus of the 5 helix of the underlying patch is toward
the bottom of the figure, in the seven o’clock position.
(C) Cylinder representation of the helices in known KTN and RCK structures with the left domain least-squares superpositioned, revealing
flexibility in the hinge region between the two domains. Rmsd variations between aligned monomers are shown in contrast to deviations
between their dimeric partners, calculated for the 520 best-aligned backbone atoms.
of one monomer from each of the three representative probe the relevance of KTN conformational states to
controlling potassium flux, random and structure-structures, a large variation in the relative positioning of
the partner within the dimer becomes apparent (Figure guided mutational analysis were carried out in the re-
lated in vivo model system of glutathione-gated KefC4C). This variability is endowed by the presence of a
flexible hinge between the two domains that presumably from E. coli. KefC is a member of a class of K efflux
channels that bear a KTN domain covalently linked di-allows structurally similar dimers to accommodate dif-
ferences in alternative crystal-packing lattices. A striking rectly to the C terminus of its channel-forming domain
(Figure 1A). KefC channels are normally inactive butinsight is that when hinge closure is extrapolated to the
point where steric hindrance prevents further motion, open in response to electrophiles, such as N-ethylmalei-
mide (NEM), resulting in K efflux (Meury and Kepes,the two exposed hydrophobic patches within the dimer
become coplanar. The pair of coplanar patches are then 1982; Elmore et al., 1990). It has been previously demon-
strated that the KTN domain plays a critical role in regu-positioned to form contacts with equivalent opposing
patches from another closed-hinge dimer so as to form lating potassium flow through this system since a single
point mutation within the KTN domain of KefC, V427A,a tetrameric assembly. A result of such assembly would
be elimination of substantial hydrophobic residue expo- leads to constitutive activity (Miller et al., 1997). We,
therefore, sought suppresser mutations of this hyperac-sure to the aqueous environment, providing in turn a
structural explanation for the presence of soluble KTN tive channel and identified F407L, which directly inter-
acts with the original, leak-inducing mutation. Two othercomplexes exclusively in a tetrameric form (Figure 2).
While this process would involve a patch-crossing angle sites that independently suppress the V427A phenotype
were also found around the hinge region of the KTNdifferent from those observed in the crystal structures
(approximately a 20 clockwise rotation around the axis domain, E520G and A522V (Figure 5A). These mutations
are positioned such that they could either disrupt KTNin Figure 4B from the position of Bsu222), it is consistent
with the general nonspecificity observed for this interac- dimer formation or alter the range of motion and flexibil-
tion. Most importantly, such dimer-dimer assembly is ity of its hinge. These results strongly support a central
likely to occur more readily with the ligand binding role for the KTN domain in regulating the activity of the
pocket occupied with a molecule in the conformation channel.
observed in the NADH structure. In the absence of li-
gand, substantial cavities along the interfaces for tetra-
KTN Domains Are Directly Coupled tomerization should destabilize the assembly. Alterna-
Transmembrane Gating Componentstively, ligand bound with the nicotinamide ring extended
A short, negatively charged cytoplasmic “regulatoryas in the NADbound structure will sterically block hinge
loop” (residues 258–268 with a consensus motif RHELclosure. An explanation for the presence of soluble, tet-
EXDIEPK/R) between two putative transmembrane heli-rameric KTN and KtrA only at high pH with NAD is that
ces was previously identified as a critical component ofthis ligand can also adopt the buried NADH conforma-
KefC’s gating machinery (Miller et al., 1997). The highlytion in a less protonating, alkaline environment.
acidic nature of this regulatory loop suggests that its
probable interplay with KTN might be mediated by saltKTN Domains Are Essential for K Flux Regulation
bridge connections. Using a homology model of KTNTo determine the proximity of KTN to the transmem-
brane constituents of their associated systems and to from KefC (Figure 5A), we identified seven surface-
Dimer to Tetramer Switch Regulating Potassium Flux
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Figure 5. Mutational Analysis of KTN Regula-
tion of the Transmembrane Gating Machinery
in KefC
(A) Homology model of KTN from KefC. Sup-
pression sites of the leaky phenotype of
V427A are shown: F407L, which probably re-
stabilizes the KTN fold, and either E520A or
A522V, which are both located proximal to
the hinge region and may affect KTN hinge
flexibility.
(B) Surface rendering of the homology model
of KTN from KefC. The locations of the posi-
tively charged residues studied are shown
relative to putative ligand binding sites and
the hinge groove.
(C) Potassium efflux measurements of KefC
activity measured 15 min after addition of
NEM. Site-directed serine-scanning muta-
genesis of surface-exposed basic residues
reveals a nonactivating phenotype for the
mutant R527S (blue), whereas mutation of
other basic surface residues has little effect
on KefC activation.
(D) Charge-reversal experiment, in which the
nonactivating phenotype of R527E is largely
suppressed by recreating with reversed polar-
ity (R527E/E262R or R527E/D264R) a charge-
charge interaction between KTN and the
transmembrane domain’s regulatory loop
(see [B]). The control mutation E266R, which
itself inactivates KefC, acts synergistically
with R527E, further inactivating the channel,
indicating that the interactions between KTN
and the regulatory loop are structurally spe-
cific.
exposed positive charges as candidates that might in- interaction between them and R527E mediates channel
activation. In contrast, E266R, which by itself fails to acti-teract with the negatively charged regulatory loop to
gate the transporter (Figure 5B). By mutating these vate substantially, combines synergistically with R527E
to create a completely nonactivatable channel. Theseamino acids to serine individually and measuring the
efflux activity of the resulting channels, we determined results strongly support that concurrent charge-charge
interactions between R527 and both E262 and D264that residue R527 alone was critical for activation, re-
sulting in a 60% reduction in NEM-elicited K efflux. are structure specific and that these connections at the
interface between KTN and the transmembrane do-This alteration of KefC regulation contrasts with control
mutations to serine at six other surface-exposed argi- main’s regulatory loop are critical for ligand-mediated
channel activation. Together with the observation thatnine and lysine residues, all of which had negligible
effects on KefC activation (Figure 5C). On mutation of the covalent linkage from the C terminus of the channel
domain to the KTN domain can be as short as 12 aminoR527 to glutamate, the channel also fails to activate
significantly in response to electrophiles (Figures 5C and acids (19 in the case of KefC), a direct physical interac-
tion between the loop and the KTN domain can be in-5D). This reinforces the conclusion that the loss of activity
is not due to the introduction of a new amino acid, but ferred. Such physical contact provides a basis for direct
conformational coupling between KTN and transmem-is due to the absence of arginine at that position. The
data implicate R527 as the key residue within KTN for brane gating components.
activating the channel on proper stimulus. To locate the
putative counterpart residue(s) in the regulatory loop, Discussion
second site mutations were introduced to the R527E
mutant channel, attempting to recover wild-type pheno- Here we demonstrate that the cytoplasmic K flux regu-
latory domain, KTN, forms stable tetramers in solutiontypes with reversed polarity in the interacting charges.
Remarkably, the nonactivating mutant channel R527E in a ligand-dependent manner. Our structural results
stipulate that KTN forms canonical hinged dimers thatregains activity when paired with mutations of either
E262R or D264R within the regulatory loop (Figure 5D). may further dimerize in a ligand-dependent manner
through weakly interacting hydrophobic patches. TheseIndividual mutants E262R and D264R possess virtually
normal phenotypes, and thus we conclude that direct results are entirely consistent with the fact that the cyto-
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K channels (Schumacher et al., 2001) and cyclic nucle-
otide-gated channels (Flynn et al., 2001). Although their
structural and evolutionary relationships are unclear, a
common theme of asymmetry modulation through stoi-
chiometric rearrangements appears to underlie the reg-
ulatory mechanisms of diverse families of voltage-gated
and ligand-gated K channels.
Assuming that the N termini of each monomer must
be relatively equidistant from the membrane due to the
constraints imposed by the covalent linkage between
the transmembrane and KTN domains in potassium
channels, a single orientation for the tetrameric KTN
assembly with respect to the pore-forming domain
emerges. Our tetrameric model abuts two closed-hinge
dimers through their exposed nonpolar interfaces (Fig-
ure 6A). This model places the C termini of KTN toward
the exterior of the tetramer where weakly conserved
smaller subdomains (residues 137–218 of KtrA Mja218
and residues 144–222 of KtrA Bsu222), not vital to tetra-
mer formation, are often found. Clearly, ligand-mediated
KTN hinge motion and resulting tetramer disassociation
will produce significant repositioning of the KTN N ter-
mini relative to one another. This would likely impart a
related conformational change on the innermost pore-
lining helix to initiate gating of the channel (Figure 6B),
in a manner similar to that demonstrated for the gating
of the prokaryotic K channel, KcsA (Perozo et al., 1999).
This mechanism is also highly comparable to that pro-
posed for glutamate receptor ion channels where hinge
motion between two flexibly linked / domains gates
the associated pore upon extracellular ligand binding
(Armstrong et al., 1998). In fact, the scaffold of the KTN
Figure 6. Models for KTN K Flux Regulation dimer in many ways closely resembles the two halves of
(A) Model of tetrameric KTN formed from two hinge-closed dimers the ligand binding domain of such channels and related
adjoined through their surface-exposed nonpolar patches, as
bacterial periplasmic amino acid binding proteins (Quio-viewed from the membrane. This places all four KTN N termini in a
cho and Ledvina, 1996), in which the hinge closure be-plane parallel to that of the lipid bilayer. The hydrophobic interface
tween the two adjacent domains is induced by the bind-is highlighted in orange.
(B) Model of channel gating in which alternative KTN conformations ing of an appropriate ligand to the hinge groove.
can impart an asymmetric twist on the inner pore-lining helices of In contrast, RCK-containing BK channels lack conser-
the channel, in turn affecting ion passage. KTN is colored as in (A) vation of the NAD(H) binding residues while retaining
with hydrophobic interaction surfaces highlighted in orange. These the hydrophobic patches involved in tetramer assembly.
conformational changes can be either ligand mediated (blue and
This suggests that the hinge-mediated conformationalred balls represent small cytoplasmic molecules, such as NADH
change might be regulated by a different means for BKand NAD) or stabilized by the binding or release of auxillary protein
channels, possibly through an association between RCKsubunits (green). In the case of BK channels, this may be the domain
attached at the C terminus of the channel and subject to Ca2 and the adjacent C-terminal domain in a calcium-depen-
modulation. In the case of KefC, the YabF protein is required for dent manner (Figure 6B). KefC channels may be regu-
activity but is not covalently attached to the channel protein. Brack- lated in an analogous manner, with YabF functioning as
eted parts are not necessarily present in all KTN-containing systems. an essential ancillary KTN binding protein (Miller et al.,
2000). Further, the binding of Ca2 to the negatively
charged cytoplasmic “calcium bowl” of BK channels
plasmic A subunits of the Trk system possess two KTN (Schreiber and Salkoff, 1997) may modulate ionic inter-
domains in tandem within the same reading frame. In- actions between KTN and the transmembrane domain
deed, the close proximity of the C terminus of one KTN of the protein in a manner similar to the charge-pairs
chain to the N terminus of its pair makes it very plausible observed in KefC. KefC clearly illustrates that the inter-
to model the two KTN domains of TrkA on a single play between KTN and the pore-forming domain can
dimeric scaffold. The existence of stable tetramers only vary in complexity to accommodate the varying needs
in the presence of NAD(H) argues that the conformational of a given regulatory system.
changes underlying stoichiometric rearrangements be- Regardless of the specific means employed to trigger
tween dimers and tetramers are strongly ligand medi- conformational changes within KTN domains, the funda-
ated. The asymmetric arrangement imposed by dimeric mental mechanism appears to have evolved to control
cytoplasmic domains, in contrast to the expected rota- both diffusive and active potassium transport in prokary-
tionally symmetric tetramer for the associated trans- otes. While the pore architecture of these prokaryotic
membrane domain (Zhou et al., 2001), is analogous to K transporters is homologous to that of the KcsA K
channel for ion selectivity (Durell and Guy, 1999), activethat revealed for Ca2-activated small-conductance (SK)
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SOLVE and SHARP, four bromide sites, eight iodide sites (four ofpotassium import systems appear to be gated by KTN
which coincide with bromide sites), and four selenium sites, ac-in response to changes in the NADH/NAD ratio (Schlos-
counting for all four ordered methionines, were found for the deriva-ser et al., 1993). Only at high ratios of NADH to NAD,
tives of KTN Bsu222. The resulting maps from SHARP, after solvent
which is itself a prerequisite for the rapid growth, would flattening, allowed unambiguous tracing of all but the very N- and
cation acquisition be facilitated through these systems C-terminal residues of the respective KTN domains. Rounds of
model building in O (Jones and Kjeldgaard, 1997) and refinementin order to maintain cytoplasmic K levels and turgor
in CNS (Brunger et al., 1998) resulted in the final structures as sum-pressure within an expanding cell. Thus, the KTN do-
marized in Table 1. KTN Mja218 forms B and C were solved bymain, sensitive to NADH/NAD, would allow direct cou-
EPMR (Kissinger et al., 1999) using a dimer from the final form Apling of the energy-expensive import of K against the
structure as the search model and refined further only by rigid body
concentration gradient to active metabolism (Rhoads fitting in CNS due to the low resolution of the data. PROCHECK
and Epstein, 1977; Stewart et al., 1985; Andersen and (Laskowski et al., 1993) analysis determined that 92.7% and 88.0%
of residues reside in most favored regions with the remainder invon Meyenburg, 1977). It becomes clear that, building
additionally allowed regions for KTN Mja218A and KTN Bsu222,upon a basic gating scaffold from primitive ancestral
respectively. Figures were generated using MOLSCRIPT (Kraulis,channels, interactions among KTN, ligands, ancillary
1991) and rendered with POV-RAY (Amundsen and X-POV-Team,subunits, and associated transmembrane components
1997). Surfaces and electrostatic potentials were depicted using
have evolved to accommodate the degree of complexity GRASP (Nicholls and Honig, 1991).
necessary for control of a variety of both prokaryotic
and eukaryotic K channels and transporters. Static Light Scattering and Sedimentation
Equilibrium Analysis
Static light scattering analysis was conducted on the eluent from aExperimental Procedures
GFC-1300 analytical HPLC column (Supelco), monitored by a light
scattering detector (Wyatt Minidawn) and a photodiode array UVSample Preparation and Crystallization
absorbance detector at 280 nm (Waters). The molecular weight ofKtrA in its entirety and the KTN domain of KtrA in isolation, from
the KtrA Mja218 complex was computed in accordance with theboth B. subtilis and M. jannaschii, were cloned from genomic DNA
Wyatt manual, assuming an extinction coefficient of 10360 M1cm1into pHis8 plasmid (Jez et al., 2000) for N-terminally His-tagged
calculated using Gill’s method (Gill and von Hippel, 1989). Analyticalexpression. Isolation of the KTN core was accomplished by mass
centrifugation was carried out on a Beckman Optima-XLA run withspectroscopic analysis of a naturally occurring labile region within
three protein concentrations spun at four different speeds overnight.the M. jannaschii KtrA. Cysteine22 of KTN Bsu222 was conserva-
The data was analyzed by the program Origin (adapted for the Op-tively mutated to valine to slow irreversible crosslinking of the pro-
tima-XLA by Beckman, Palo Alto, California).tein. E. coli BL-21 (DE3) cells were transformed with the plasmid,
grown at 37C to an optical density of 1.0 at 600 nm, induced with
0.1 mM IPTG, and harvested 3 hr after induction. Cells were lysed KefC Potassium Efflux Experiments
Second site suppressors for V427A were isolated by the methodby sonication, and the expressed soluble protein was extracted
from the lysate using Ni-NTA column chromatography (Novagen), described previously (Miller et al., 2000), as colonies that grew on
medium containing only 0.1 mM KCl. A single clone was retainedeluting with 500 mM imidazole. His tag removal was achieved with
overnight thrombin digestion. Further purification was carried out from each plate and screened for KefC activity by determining the
rate of NEM-elicited K efflux. Site-directed mutants of a KefC-by FPLC gel filtration on a Superdex S-200 column (Pharmacia).
Throughout the purification, molar equivalents of ligand were pres- bearing plasmid (pSM12) were generated using the QuickChange
protocol (Stratagene) and transformed into strain MJF276 for analy-ent in the buffers to maintain protein solubility. Selenomethionine-
labeled protein was produced in amino acid-supplemented minimal sis as described previously (Miller et al., 1997). In brief, cells were
grown in 120 mM K medium and harvested at an OD650  0.8–1.0.media (Doublie, 1997). Pure protein was concentrated to 6–8 mg/
ml and dialyzed against 10 mM Tris-HCl (pH 8.0), 1 mM DTT, 1 mM Each 25 ml culture was filtered, washed with 10 mM K medium,
and resuspended in 0 mM K medium. Samples were incubated inNAD(H). Crystals were grown at room temperature, except as noted,
by the hanging-drop vapor-diffusion method against reservoirs con- a stirred glass vessel at 37C. Half of the culture sample was used
as a control for spontaneous K loss, and 0.5 mM NEM was addedtaining the following chemicals: for KTN Mja218 (crystal form A),
200 mM magnesium formate, 75 mM ammonium citrate, 100 mM to the other half to activate the channel. Samples were removed at
intervals and the retained cellular K content was measured byMES (pH 6.0); for KTN Mja218 (form B), 3%–7% Peg 8000, 100 mM
PIPES (pH 6.5); for KTN Mja218 (form C), 110 mM ammonium sulfate, flame photometry (Corning 400) as described previously (Elmore et
al., 1990).46% isopropanol, 100 mM HEPES (pH 7.5) at 4C; for KTN Bsu222,
1.2 M ammonium sulfate, 100 mM MES (pH 6.0). Crystals were
stabilized in cryoprotectant containing 25% of either glycerol or Protein Structure Modeling and Nomenclature
PEG400, in addition to the contents of their respective reservoirs, The homology model of the KefC KTN domain was generated by
prior to freezing by rapid immersion in liquid nitrogen. Osmium deriv- MODELLER (Sali and Blundell, 1993). The model of the KTN tetramer
itization of KTN Mja218A was achieved by overnight soaking in was created by rotating two monomers interfacing through hy-
cryoprotectant with 5 mM K2Os(IV)Cl6. Bromide and iodide deriva- drophobic patch contacts around the axis described in Figure 3B
tives of KTN Bsu222 were obtained by 1 min soaking of crystals in until a single axis of rotation reproduces both helix-swapped dimers.
appropriate cryoprotectant supplemented with either 1 M sodium This procedure impartially results in a closed-hinge conformation
bromide or 1 M sodium iodide, respectively (Dauter et al., 2001). for each dimer. Nomenclature for the proteins discussed in this
manuscript was derived from their system classification, source
organism, and the amino acid length of the wild-type open readingData Collection and Structure Determination
frame, this being the only information initially available from a ge-Data sets were collected at the synchrotron beamlines summarized
nome sequence. The domain name, KTN, is taken from the publicin Table 1 and in house using a DIP2030 imaging plate system (Mac
protein families database classification of genome sequences byScience Corporation) with a rotating anode CuK X-ray generator
Pfam (Bateman et al., 2000) (Id: PF02254; http://pfam.wustl.edu/equipped with double-focusing Pt/Ni-coated mirrors and operated
cgi-bin/textsearch?termsKTN).at 45 KV, 100 mA. Image processing and data integration were
accomplished with either DENZO and SCALEPACK or HKL2000
(Otwinowski and Minor, 1997) in addition to the CCP4 suite of pro- Acknowledgments
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Accession Numbers
The Protein Data Bank accession numbers are 1LSS (KTN Mja218
with NAD) and 1LSU (KTN Bsu222 with NADH).
